Coronavirus disease 2019 (COVID-19), which was first reported in Wuhan, Hubei province, China, toward the end of 2019, swiftly spread around the globe and became a major pandemic \[[@CIT0001]\]. It is caused by the virus severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), the seventh coronavirus that is known to cause disease in humans \[[@CIT0002]\]. Within 6 months, the number of deaths globally have exceeded 400 000, resulting in an unprecedented public health emergency in our time \[[@CIT0003]\].

Because SARS-CoV-2 is a novel virus, limited data are available on the effect of the virus on the endocrine system, including the pancreas. Nevertheless, as the new SARS-CoV-2 is structurally similar to the SARS-CoV-1, studying the pathogenesis and clinical impact of the known disease should be helpful in understanding the possible effects of the novel disease \[[@CIT0004]\].

1. Pathogenesis {#s1}
===============

SARS-CoV-1 and SARS-CoV-2 belong to the β-genus of coronavirus family \[[@CIT0005]\]. The genetic sequence of SARS-CoV-2 has around 80% identity to SARS-Co V-1 \[[@CIT0006]\]. In SARS-CoV-1 the defined receptor biding domain of the membrane Spike (S) protein of the virus uses host angiotensin-converting enzyme 2 (ACE2) as the receptor for fusion of viral and host membranes \[[@CIT0007]\]. It appears that SARS-CoV-2 also uses the same mechanism for host attachment \[[@CIT0005], [@CIT0010], [@CIT0011]\].

The inhaled virus binds to the epithelial cells of the nasal cavity \[[@CIT0012]\]. Ciliated cells in the conducting airway are the primary cells where the virus binds. In this initial phase, the virus can be detected by nasal swabs even though the patient is asymptomatic \[[@CIT0012]\]. The lifecycle of the virus begins when the S protein binds to ACE2. The S protein is a trimetric spike glycoprotein located on the envelope of the virus and is composed of an N-terminal peptide domain, C-terminal Collectrin-like domain, and a 40-residue intracellular segment \[[@CIT0013]\]. Although ACE2 has structural similarity to angiotensin-converting enzyme, it is not inhibited by angiotensin-converting enzyme inhibitors and angiotensin receptor blockers, but is upregulated with their use \[[@CIT0014], [@CIT0015]\]. ACE2 expression is highest in kidney, endothelium, lungs, and the heart \[[@CIT0013], [@CIT0016]\]. The main substrate for ACE2 is angiotensin II, and ACE2 acts as a negative regulator of the renin-angiotensin-aldosterone system (RAAS) by converting the active angiotensin and angiotensin II to the inactive angiotensin 1-7 \[[@CIT0017], [@CIT0018]\].

The S protein is a trimeric spike glycoprotein located on the envelope of the virus \[[@CIT0013]\]. Initially, the S protein is in a metastable prefusion state. The S1 subunit triggers viral envelope fusion with the cell membrane via the endosomal pathway. This results in shedding of S1 from the prefusion conformation and allows S2 to attain a stable postfusion state \[[@CIT0019]\]. The cleavage of S protein of SARS-CoV-1 is triggered by transmembrane protease serine-2 (TMPRSS2) and cathepsin. However, the exact molecules facilitating endocytosis of SARS-CoV-2 are yet to be fully elucidated \[[@CIT0022]\]. Furthermore, clathrin-dependent and clathrin-independent endocytosis may also be involved in mediating the viral entry \[[@CIT0023], [@CIT0024]\]. Following cellular entry, the virus then releases the genome RNA into the host cell which get translated into viral replicase polyproteins pp1a and 1ab \[[@CIT0025]\]. These proteins are further cleaved into small particles by viral proteinases. The polymerase produces more subgenomic mRNAs in a serial manner that are ultimately translated into the relevant viral proteins that are assembled in the endoplasmic reticulum and Golgi apparatus, along with the genome RNA into virions. The virions are then released via vesicles out of the cell ([Fig. 1](#F1){ref-type="fig"}) \[[@CIT0026], [@CIT0027]\]. Evidence regarding the affinity of SARS-CoV-2 to ACE2 binding is inconclusive. One study suggests that SARS-CoV-2 S proteins bind to ACE2 with 10 to 20 times higher affinity compared with SARS-CoV-1, whereas another study reported that SARS-CoV-2 receptor biding domain binds to ACE2 with a similar affinity to the SARS-CoV-1 \[[@CIT0005], [@CIT0028]\]. Although human autopsy studies have shown that SARS-CoV-1 RNA is seen only in cells expressing ACE2, there is some evidence that the RNA material is also seen in cells lacking ACE2, indicating that there may be factors other than ACE2 playing a role in entry of these coronaviruses into the host cell \[[@CIT0016], [@CIT0029]\]. Nevertheless, there is sufficient evidence in favor of ACE2 as the mediator of viral entry into alveolar cells, and local harmful activation of the RAAS, such that treatment with recombinant ACE2 is being considered as a serious therapeutic option.

![Viral entry and cellular pathogenesis. The SARS-CoV-2 virus enters the respiratory tract via the epithelial cells in the nasal cavity (1). The virus binds via its membrane spike protein S, to the cell membrane protein ACE2 in lungs (2). TMPRSS2, another cell membrane protein, triggers cleavage of the S protein into 2 subunits (3). The S1 subunit promotes fusion of the viral envelope with the host cell membrane culminating endocytosis of the virus (4). The virus then releases its genomic RNA into the host cell (5). The viral RNA is translated into polyproteins pp1a and 1ab, both of which in turn undergo proteolysis by vital proteinases into small particles. In parallel, more genomic RNA are produced via the enzyme replicase (6). The genomic RNA gets transcribed into mRNA (7) and results in viral protein synthesis via translation (8). The replicated genomic RNA and the synthesized viral proteins are incorporated into virions in the RER and Golgi apparatus (9). The virions are ultimately released from the host cell as vesicles via exocytosis (10). pp1a and 1ab, viral replicase polyproteins; RER, rough endoplasmic reticulum; S, Spike protein; TMPRSS2, transmembrane protease serine 2.](bvaa082f0001){#F1}

Following the initial symptomatic period without a significant immune response, the second phase commences with an initial innate immune response \[[@CIT0012]\]. This is seen in \~80% of patients, in whom the clinical course is relatively mild. Following entry of the virus into the host cells, the viral antigens are presented by antigen-presenting cells recognized by cytotoxic T lymphocytes. There is evidence that certain HLA polymorphisms are related to the susceptibility and protection from SARS-CoV-1 infection \[[@CIT0030]\]. Both cellular and humoral immunity are subsequently activated following antigen presentation. A recent report revealed that the number of CD4+ and CD8+ T lymphocytes are significantly decreased in SARS-CoV-2-infected patients \[[@CIT0033], [@CIT0034]\].

The potentially life-threatening complication of coronavirus is acute respiratory distress syndrome (ARDS), which is secondary to a "cytokine storm" induced by the hyperactivation of the transcription factor NF-kappa B (NF-κB) with the release of massive amounts of pro-inflammatory cytokines and chemokines. NF-κB is activated directly by SARS-CoV-2 via pattern recognition receptors \[[@CIT0035]\]. Down-regulation of ACE2 resulting from the binding of SARS-CoV-2, and the resultant increase in angiotensin II, activates STAT 3. Activation of STAT 3 leads to hyperactivation of the NF-κB pathway via the IL-6 amplifier and the resultant increase in proinflammatory cytokines and chemokines. Very high levels of cytokines including IL1-β, IL1RA, IL-7, IL-8, IL-9, IL-10, fibroblast growth factor 2 (FGF2), granulocyte colony stimulating factor, granulocyte macrophage colony stimulating factor, interferon-γ (IFN-γ), TNF-α, monocyte chemoattractant protein-1 (MCP1), macrophage inflammatory protein α, and vascular endothelial growth factor-A have been reported in those with severe COVID-19 \[[@CIT0036], [@CIT0037]\].

In addition to lung involvement, it is suggested that viruses entering the body via the nasal passage may gain access to the central nervous system via the olfactory bulb through synapses as in SARS-CoV-1 and Middle East respiratory syndrome-coronavirus (MERS-CoV) \[[@CIT0038], [@CIT0039]\], and this may also be responsible for the early symptoms of loss of taste and smell. Involvement of the brain has been reported in patients with severe COVID-19 \[[@CIT0040]\]. There is also evidence that SARS-CoV-2 causes significant cardiac and renal disease, possibly from ACE2/renin-angiotensin system-related impact.

2. Pituitary {#s2}
============

SARS-CoV-1 has been known to affect the hypothalamo-pituitary-adrenal axis (HPA) causing transient hypocortisolism. Less commonly, the hypothalamo-pituitary-thyroid axis is affected leading to secondary hypothyroidism \[[@CIT0041]\]. Both reversible hypophysitis and a direct hypothalamic effect have been reported as possible mechanisms \[[@CIT0041]\]. In SARS-CoV-1 survivors, hypocortisolism has been reported to develop gradually as a late complication over a number of weeks from the onset of infection \[[@CIT0041]\].

Postviral syndromes manifest as low energy levels, low mood, and dizziness; these have been shown to be associated with postviral hypocortisolism and are dramatically improved with cortisol replacement \[[@CIT0041]\]. Furthermore, insertion/deletion polymorphisms in the ACE gene coding for ACE receptors are associated with an increased risk of idiopathic chronic fatigue and chronic fatigue syndrome \[[@CIT0042]\]. These effects have been suggested to be mediated by ACE receptors interacting with neurotransmitter pathways \[[@CIT0041]\]. Because ACE2 is expressed in the hypothalamus and could be disrupted by the SARS-CoV-2 infection, it may play a role in postviral fatigue and associated hypocortisolism \[[@CIT0043], [@CIT0044]\].

It has been demonstrated that SARS-CoV enters the brain via an ACE2 receptor located in the olfactory bulb \[[@CIT0039]\]. Furthermore, it is known that SARS-CoV-2 causes anosmia and ageusia, which could be related to a local or central pathology such as damage to the hypothalamus leading to hormonal deficiencies \[[@CIT0045]\].

Evidence during the SARS epidemic in 2003 suggested that the amino acid sequence of SARS virus showed molecular mimicry with ACTH; this would lead to host antibodies against viral antigens binding to ACTH receptors, limiting the corticosteroid stress response \[[@CIT0046]\]. Patients who developed hypocortisolism were found to recover their HPA axis within 1 year \[[@CIT0047]\]. Thus, theoretically, supraphysiological corticosteroids could be beneficial, but the evidence is inconclusive. Molecular mimicry of SARS-CoV-2 with ACTH has not been reported yet.

Hyperprolactinemia is known to occur in response to any form of stress, including infections \[[@CIT0048]\]. High prolactin levels have been shown in patients with severe sepsis and in infants with severe respiratory infections \[[@CIT0049], [@CIT0050]\]. Prolactin also has shown immunomodulatory and anti-inflammatory effects in experimental studies \[[@CIT0051]\]. However, no data are available on susceptibility to infection among patients with hyperprolactinemia or any risk conferred by prolactin-lowering therapy. [Table 1](#T1){ref-type="table"} summarizes the possible effects of SARS-CoV-2 on the endocrine system.

###### 

Possible Effects of SARS-CoV-2 on the Endocrine System

  -----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  Pathology                                                                                                              Possible Mechanism                                                                                                                      Effect on Hormonal Axis                                                        Clinical Features                                                             Management Issues and Solutions
  -------------------------------------------- ----------------------------------------------------------------------------------------------------------------------------------------------------------------------- ----------------------------------------------------------------------------------------------------------- ------------------------------------------- ------------------------------------------------------------------------------------------------------------------------------
  Central hypocortisolism and hypothyroidism                                                      Hypophysitis resulting from infiltration by virus \[[@CIT0041]\]\                                                                                        Impaired ACTH/cortisol production\                                          Postviral syndromes \[[@CIT0041]\]                                                       Cosyntropin/Synacthen test\
                                                                                                              Hypothalamic involvement \[[@CIT0041]\]\                                                                                                 Low thyroid hormones sometimes with low TSH                                                                                                                                    TSH and free T4\
                                                                                                   Destruction of ACE2 in hypothalamus \[[@CIT0043], [@CIT0044]\]\                                                                                                                                                                                                                                        If deficient, hormone replacement in physiological doses \[[@CIT0041]\]
                                                                                    Molecular mimicry of SARS-CoV-1 to ACTH and subsequent host defense mechanisms \[[@CIT0046]\]                                                                                                                                                                                              

  Hyperprolactinemia                                                                                         Dopaminergic stress response \[[@CIT0048]\]                                                                                                      Transient hyperprolactinemia                                                        Asymptomatic                                                      Prolactin levels may be high during acute illness.\
                                                                                                                                                                                                                                                                                                                                                                                Caution on interactions of DRA with CYP450 inducing antivirals and amine based pressors/inotropes \[[@CIT0055], [@CIT0056]\]

  Electrolyte imbalances                                                                                                                                                                                                                                                                                                                                                       

  Hypernatremia                                                                   High fever, tachypnea, gastrointestinal losses, inability to take adequate fluids \[[@CIT0052]\]                                                                                    Hypernatremia                                                      Impaired level of consciousness                                                           Monitor electrolytes\
                                                                                                                                                                                                                                                                                                                                                                                                                                        Replacement\
                                                                                                                                                                                                                                                                                                                                                                                                                   Convert desmopressin to parenteral form \[[@CIT0052]\]

  Hypokalemia                                                                                                  Gastrointestinal losses \[[@CIT0052]\]\                                                                                                                 Hypokalemia                                                      Clinical features of hypokalemia                                                           Monitor electrolytes\
                                                                                             Upregulation of the RAAS by degradation of ACE2 \[[@CIT0053], [@CIT0054]\]                                                                                                                                                                                                                                                                 Replacement

  Adrenal                                                                                                                                                                                                                                                                                                                                                                      

  Hypoadrenalism                                                          Adrenal necrosis and vasculitis from direct cytopathic effect or inflammatory response \[[@CIT0029], [@CIT0059]\]                                                                          Hypocortisolism                                                          Postural hypotension\                                                                 Serum 9 am cortisol\
                                                                                                                                                                                                                                                                                                                                        Persistently low blood pressure\                                                             Cosyntropin test\
                                                                                                                                                                                                                                                                                                                                          Hyperkalemia and hyponatremia                                                            Hydrocortisone therapy

  Thyroid                                                                                                                                                                                                                                                                                                                                                                      

  Hypothyroidism                                                                            Destruction of follicular and parafollicular cells of thyroid \[[@CIT0083]\]                                                                                         Primary hypothyroidism                                                       Hypothyroid features                                                               High TSH and low free T4\
                                                                                                                                                                                                                                                                                                                                                                                                                                   Thyroxine replacement

                                                Decreased activity of type 1 deiodinase activity, increased activity of type 3 deiodinase activity, and down-regulation of hypothalamic pituitary axis \[[@CIT0082]\]                                               Sick euthyroidism                                                      Clinically not significant                           Difficulty in differentiating during acute illness, test TSH and free T4 following recovery

                                                                                                        Hypophysitis/ hypothalamic involvement \[[@CIT0041]\]                                                                                                    Central hypothyroidism                                                       Hypothyroid features                                                                  Low TSH and free T4\
                                                                                                                                                                                                                                                                                                                                                                                                                                   Thyroxine replacement

  Pancreas                                                                                                                                                                                                                                                                                                                                                                     

  Hypo-/hyperglycemia                                                                            Direct viral injury on ACE2 expressing islet cells \[[@CIT0089]\]\                                                                                             Possible hypoinsulinemia\                                                        Hyperglycemia\                                                            Hyperglycemia predicts poor prognosis\
                                                                                    Hyperglycemia glycosylates ACE2 and viral S protein, facilitating viral entry \[[@CIT0092]\]\                                       Stress response up-regulates cortisol, growth hormone, and adrenergic activity with hyperglycemic effects   Mild pancreatitis: minimal or no symptoms                                     Requires frequent monitoring and titration of treatment\
                                                                             Pancreatitis \[[@CIT0090]\]: direct viral injury, response to systemic inflammation, immune-mediated injury                                                                                                                                                                                                              Potential anti-COVID therapies may cause hypo- and hyperglycemia \[[@CIT0100]\]

  Parathyroid                                                                                                                                                                                                                                                                                                                                                                  

                                                                                                                          No direct effect                                                                                                                           Not identified                                                              Not identified                                                                             None

  Gonads                                                                                                                                                                                                                                                                                                                                                                       

  Hypogonadism                                                                  Entry of virus into spermatogonia and somatic cells using ACE2 receptors \[[@CIT0123], [@CIT0124]\]\                                                                 Impaired spermatogenesis and androgen synthesis                                   Male hypogonadism and subfertility                                              Follow-up after recovery from acute infection
                                                                              Destruction of seminiferous tubules and reduced spermatozoa from immune-mediated orchitis \[[@CIT0126]\]                                                                                                                                                                                         
  -----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

A. Management Considerations in Patients with Preexisting (or Known) Pituitary Conditions {#s3}
-----------------------------------------------------------------------------------------

Electrolyte and water imbalances can occur in COVID-19 resulting from insensible loss caused by high fever and tachypnea, gastrointestinal loss such as vomiting and diarrhea, as well as the inability to take adequate fluids because of an impaired level of consciousness \[[@CIT0052]\]. Hypokalemia had been documented that has been attributed to upregulation of the RAAS by degradation of ACE2 by SARS-CoV-2 with increased renal loss of potassium \[[@CIT0053], [@CIT0054]\]. Clinicians must be vigilant regarding possible electrolyte imbalances and should titrate any corticosteroid or desmopressin doses accordingly. If intranasal desmopressin cannot be administered because of impaired consciousness, it can be converted to a parenteral form (IV/IM) to allow more stringent titration \[[@CIT0052]\]. [Table 2](#T2){ref-type="table"} summarizes the management of patients with preexisting endocrine conditions who are affected with COVID-19.

###### 

Management of Patients with Preexisting Endocrine Conditions who are Affected with COVID-19

  ----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  Endocrine Condition              Management                                                                                                                                                                                                                             
  -------------------------------- -------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------- ----------- ----------------
  Diabetes insipidus               Titrate the dose of desmopressin according to serum sodium, and osmolality. Convert to parenteral form (IV/IM) if intranasal route is not feasible \[[@CIT0052]\]\                                                                     
                                   Desmopressin dose equivalents \[[@CIT0138]\]                                                                                                                                                                                           

                                   **Tablets**                                                                                                                                                                                                                **Spray**   **Injections**

                                   **100 µg**                                                                                                                                                                                                                 2.5 µg      NA

                                   **200 µg**                                                                                                                                                                                                                 5.0 µg      \<0.5 µg

                                   **400 µg**                                                                                                                                                                                                                 10.0 µg     \<1.0 µg

  Hyperprolactinemia               Bromocriptine: may need dose adjustment because of interactions between lopinavir/ritonavir, which increase bromocriptine levels \[[@CIT0055]\]\                                                                                       
                                   Cabergoline: dose adjustment is not required                                                                                                                                                                                           

  GH deficiency                    Continue on the same dose of growth hormone in those with established GH deficiency \[[@CIT0058]\]                                                                                                                                     

  Hypoadrenalism                   Double the morning dose of hydrocortisone and continue 20 mg 4 times daily, or give doubled usual hydrocortisone dose ("sick day rule"), depending on the infection severity and patient characteristics \[[@CIT0064]\]\               
                                   During an adrenal crisis, IM or IV hydrocortisone 100 mg stat followed by 200 mg over 24-hour infusion \[[@CIT0066]\]\                                                                                                                 
                                   Patients with primary hypoadrenalism do not require increasing fludrocortisone dose \[[@CIT0065]\]\                                                                                                                                    
                                   Critical illness-related corticosteroid insufficiency (CIRCI): IV hydrocortisone 400 mg daily for 3 days or longer depending on the requirement \[[@CIT0070]\]                                                                         

  Cushing's syndrome               Continue medical management in those with active disease\                                                                                                                                                                              
                                   IV etomidate at a rate of 0.04 to 0.05 mg/kg/h for those with severe illness targeting a cortisol level 500-800 nmol/L \[[@CIT0078], [@CIT0079]\]\                                                                                     
                                   Anticoagulation to be considered in acute illness \[[@CIT0075]\]                                                                                                                                                                       

  Pheochromocytoma/paraganglioma   Treatment with initial alpha-adrenoceptor blockers followed by beta-adrenoceptor blockers depending on the blood pressure and heart rate \[[@CIT0081]\]                                                                                

  Hypothyroidism                   No thyroxine dose adjustments are required                                                                                                                                                                                             

  Hyperthyroidism                  Dose adjustment of antithyroid medications as usual according to the thyroid function tests. If blood tests cannot be performed, dose adjustments may be made based on thorough history and examination.\                              
                                   Short-term block and replacement therapy as an alternative \[[@CIT0087]\]                                                                                                                                                              

  Hypoparathyroidism               Ensure a continuous supply of calcium supplements\                                                                                                                                                                                     
                                   Maintain normocalcemia as hypocalcemia increases the risk of QT prolongation with chloroquine/hydroxychloroquine and azithromycin \[[@CIT0112]\]                                                                                       

  Vitamin D deficiency             Vitamin D supplements to achieve a target level of \> 50 nmol/L (20 ng/mL) \[[@CIT0130]\]\                                                                                                                                             
                                   During winter seasons, 2000-5000 IU daily up to 10 000 IU depending on the requirement \[[@CIT0131], [@CIT0132]\]                                                                                                                      

  Hypogonadism                     **Testosterone**\                                                                                                                                                                                                                      
                                   Temporary discontinuation may be possible if medication is not available or changing to an alternative is possible (e.g., intramuscular injections to testosterone gel)\                                                               
                                   **Estrogen**\                                                                                                                                                                                                                          
                                   Conversion to transdermal formulations when applicable as the thrombosis risk is lower with transdermal compared to oral estrogen                                                                                                      
  ----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

Based on the currently available evidence, patients with preexisting hyperprolactinemia may continue dopamine receptor agonist (DRA) therapy during the pandemic and during acute mild to moderate COVID-19. In patients with hyperprolactinemia, prolactin levels should not be measured to assess disease control during acute illness. It is noteworthy that patients on DRAs who develop COVID-19 are at risk of drug interactions. Antiretroviral agents lopinavir/ritonavir, which are currently being used for the treatment COVID-19 in some parts of the world, can inhibit CYP3A4 enzymes and may increase plasma bromocriptine levels \[[@CIT0055]\]. However, the clinical significance of higher plasma bromocriptine levels is uncertain. Cabergoline is less affected by such enzyme modulations because only a small proportion of this is metabolized through the cytochrome P450 system \[[@CIT0056]\]. In critically ill COVID-19 patients who require pressor support because of septic shock, use of amine derivatives (norepinephrine, epinephrine, dobutamine, dopamine) with DRAs may cause additive vasospasm and a rapid blood pressure rise resulting from pharmacological synergism \[[@CIT0055]\]. Therefore, close monitoring is required and temporary discontinuation of DRAs in severe COVID-19 should be considered. Chloroquine is not known to adversely interact with DRAs. In fact, it has been shown to induce cell apoptosis in pituitary tumors when used in combination with cabergoline in animal studies \[[@CIT0057]\]. However, these beneficial effects are unlikely to be observed during brief exposure.

Patients who have commenced GH therapy can be continued on the same dosage \[[@CIT0058]\]. However, it is recommended that GH therapy be withheld in a GH-deficient patient who develops COVID-19 \[[@CIT0058]\].

3. Adrenal {#s4}
==========

Autopsy studies during the SARS epidemic revealed adrenal necrosis, vasculitis of small veins of adrenal medulla, and adrenal infiltration with monocytes and lymphocytes that was caused by SARS-CoV-1 \[[@CIT0029], [@CIT0059]\]. Viral antigens and the genomic sequence of SARS-CoV-1 were demonstrated in the adrenal glands \[[@CIT0029]\]. To date, this has not been reported with SARS-CoV-2; however, this requires attention and further studies.

4. Management Considerations {#s5}
============================

A. COVID-19 and Preexisting Adrenal Insufficiency {#s6}
-------------------------------------------------

Patients with preexisting primary or secondary adrenal insufficiency are at high risk of complications during COVID-19 pandemic for multiple reasons. These patients are at increased risk of mortality as a result of infections triggering an adrenal crisis. Further, they are at high risk of infections, particularly involving the lower respiratory tract, partly from impairment of natural killer cell function \[[@CIT0060]\]. Because upper respiratory tract infections are found to be the most common precipitating event for adrenal crises, stringent infection prevention measures are recommended \[[@CIT0061]\].

These patients would be on steroid replacement in physiological doses, usually with hydrocortisone which needs continuation without disruption. Patients should have a "steroid emergency card" and bracelet with details of hydrocortisone dosing during an infection. Standard guidelines suggest doubling the usual steroid dose in accordance with "sick day rules," in the event of mild to moderate infection \[[@CIT0062]\]. However, based on the experiences during the COVID-19 pandemic, which is associated with continuous high levels of acute inflammation, it is suggested that this regimen might be inadequate because it can result in periods of glucocorticoid deficiency in these patients with ongoing continuous inflammation \[[@CIT0063], [@CIT0064]\]. Therefore, an immediate dose of doubled hydrocortisone morning dose, followed by replacement dose of 20 mg 4 times daily is proposed as a better approach in the current context because it provides a more evenly spaced and continuous glucocorticoid cover \[[@CIT0064]\]. This should be tapered off to double the patients' usual dose once they have no fever and show clinical improvement, followed by tapering down to the routine dose once they are completely asymptomatic \[[@CIT0064]\]. However, an individualized approach is recommended, based on the patient characteristics and severity of the infection because it is evident that all patients with COVID-19 do not behave the same way. COVID-19-PCR positive, asymptomatic patients may not need to increase their routine dose. Thus, we recommend that it is imperative to have a discussion with the treating endocrinologist before making changes to the steroid replacement dose of a COVID-19 patient with adrenal insufficiency.

If hospitalized with pneumonia, patients should be closely monitored for features of acute adrenal insufficiency such as syncope, vomiting, hypotension, and electrolyte imbalances including hyperkalemia, hyponatremia, and hypoglycemia \[[@CIT0065]\]. Severe pneumonia or any features of acute adrenal insufficiency would warrant IV or IM hydrocortisone treatment with 100 mg given immediately, followed by 200 mg every 24 hours as a continuous IV infusion or 6-hourly in divided doses, accompanied with appropriate fluid resuscitation \[[@CIT0066]\]. Patients with primary adrenal insufficiency would not require additional fludrocortisone in this setting as hydrocortisone doses above 50 mg per day are known to exert adequate actions on mineralocorticoid receptors \[[@CIT0065]\].

During SARS and MERS epidemics, pharmacological treatment with glucocorticoids was found to result in adverse outcomes. This was the basis for World Health Organization guidelines recommend against their routine use for COVID-19 patients \[[@CIT0067], [@CIT0068]\]. However, steroids in physiological doses for adrenal insufficiency would be beneficial and improve the outcomes in these patients. The decision on hydrocortisone treatment and the appropriate dose can be guided by baseline cortisol level, and the target level expected in severely ill patients on intensive care units (see the following section).

B. COVID-19 and Critical Illness-Related Corticosteroid Insufficiency {#s7}
---------------------------------------------------------------------

Usually, any stressful condition including infections results in activation of the HPA axis with increased secretion of corticosteroids to optimize the stress response. The strongest activators of HPA axis are hypoxia, hypotension, and sepsis. In some patients with critical illness or sepsis, this response may be inadequate because of impaired cortisol secretion or cortisol resistance caused by abnormalities in glucocorticoid receptors, known as critical illness-related corticosteroid insufficiency (CIRCI) \[[@CIT0069]\]. The occurrence of CIRCI during an infection is associated with increased inflammatory markers, abnormalities in indicators of coagulation, and a prolonged intensive care unit stay \[[@CIT0070]\]. CIRCI should be considered in all critically ill patients with COVID-19 who have hypotension refractory to fluid and vasopressor therapy \[[@CIT0070]\]. Although uncommon, these patients may also demonstrate hyperkalemia, hyponatremia, and hypoglycemia \[[@CIT0069], [@CIT0070]\].

Based on the available evidence, a random serum cortisol of less than 275 nmol/L (10 µg/dL) or a serum cortisol rise by less than 248 nmol/L (9 µg/dL) at 1 hour following 250 µg cosyntropin/Synacthen can be used to diagnose CIRCI \[[@CIT0069], [@CIT0070]\]. However, it is important to be aware that this stimulation test may have a low sensitivity in critically ill patients and may be difficult to conduct \[[@CIT0069]\]. Furthermore, one needs to be aware that threshold levels of cortisol will vary according to assay. These assay-related variations can be even more prominent in critically ill patients because of the presence of heterophile antibodies and cortisol metabolites, and can impact the diagnosis of CIRCI \[[@CIT0069], [@CIT0071]\]. For these reasons, a glucocorticoid trial can be considered based on clinical parameters, regardless of the cortisol response, following a discussion between the treating intensivist and endocrinologist. Patients with CIRCI can be treated with IV hydrocortisone (up to 400 mg/day) for 3 days or longer depending on the clinical parameters, with slow tapering of doses once the patient's condition is stable \[[@CIT0070]\]. The decision regarding hydrocortisone treatment should be made cautiously, and it is also important to be mindful about the possible drug interactions as well. Ritonavir is known to inhibit the cytochrome P4503A enzyme and thereby increase the exposure to corticosteroids and prolong their half-lives \[[@CIT0072]\]. It is noteworthy that following a cytokine storm, there may be immune "exhaustion," and corticosteroids may be harmful \[[@CIT0035]\].

C. COVID-19 and Cushing's Syndrome {#s8}
----------------------------------

Patients with Cushing's syndrome (CS) may experience delays in diagnostic evaluation and surgical management, as well as interruptions in the continuous supply of medication during the COVID-19 pandemic, with disastrous consequences. Thus, it is imperative for the teams managing these patients to identify and address these issues \[[@CIT0073]\].

There are no data regarding the behavior of COVID-19 in patients with CS. However, the metabolic and other complications associated with CS are likely to result in a poor prognosis. Diabetes and hypertension characteristically seen in CS have been identified as well-known poor prognostic factors in COVID-19 independent of age, and this may contribute to mortality among CS patients \[[@CIT0074]\]. These patients may be susceptible to severe pneumonia with secondary bacterial infections from changes in white blood cell count and function, reduced lymphocytes with CD4 to CD8 ratio, and reduced action of natural killer cells secondary to glucocorticoid excess \[[@CIT0075]\].

Coagulopathy associated with elevated D-dimer has been observed in COVID-19; this is consistently associated with multiorgan failure and poor outcome \[[@CIT0076], [@CIT0077]\]. It is well-known that increased production of fibrinogen, factor VIII, and von Willebrand factor along with impaired fibrinolysis in CS also gives rise to a pro-thrombotic state. This risk could possibly be aggravated if infected with SARS-CoV-2 \[[@CIT0078]\].

The entry of SARS-CoV-2 into cells via ACE2 on the cell membrane leads to degradation of ACE2, thereby up regulating the RAAS, resulting in hypokalemia \[[@CIT0054]\]. Hypokalemia can be more severe in patients with CS as they have preexisting corticosteroid-induced potassium depletion.

As has been discussed, there are several mechanisms that can contribute to increased mortality in CS patients with COVID-19. Therefore, it is crucial to adhere to standard infection prevention measures. During an infection, blood pressure and blood glucose levels needs close monitoring and management according to standard guidelines. Close monitoring of electrolytes is important. Prophylactic, low-dose low-molecular-weight heparin should generally be administered given there are no major contraindications \[[@CIT0076]\]. Medical management should be considered for patients with active CS until the infection settles and they are stable to undergo definitive therapy. Intravenous etomidate can be considered in patients with severe illness needing parenteral glucocorticoid-lowering therapy with careful dose adjustments to achieve a target cortisol level. If the patient has coexisting acute kidney injury, further stringent dose titration is warranted. It is crucial to keep in mind that the precursor 11-deoxycortisol may crossreact in many assays \[[@CIT0079], [@CIT0080]\].

D. COVID-19 and Pheochromocytoma and Paraganglioma {#s9}
--------------------------------------------------

Because of the current COVID-19 pandemic, regular follow-up of already diagnosed patients can be delayed. These patients are not at an increased risk of contracting the infection and general disease prevention measures can be followed. If infected with SARS-CoV-2, plasma and urinary metanephrines can be elevated from the associated stress response and measurement during illness will give false-positive results \[[@CIT0081]\]. During the infection, treatment via α-adrenoreceptor blockade, or β -adrenoreceptor blockade after adequate α -adrenoreceptor blockade, can be considered to prevent possible cardiovascular complications \[[@CIT0082]\].

5. Thyroid {#s10}
==========

A report on thyroid function tests in 48 patients infected with SARS-CoV-1 showed reduced free T3 and free T4 in 94% and 46% of patients, respectively. Serum TSH levels were also reduced in these patients, raising the possibility of either central hypothyroidism or the "sick euthyroid" syndrome \[[@CIT0083]\]. In another follow-up study that looked at endocrine disorders among 61 patients who had SARS, 2 patients were identified as having subclinical thyrotoxicosis, 3 had central hypothyroidism, and 1 had primary hypothyroidism with positive thyroid autoantibodies \[[@CIT0041]\]. The degree of hormonal derangement and clinical features were not described. Therefore, previously undiagnosed primary hypothyroidism and recovering central hypothyroidism or sick euthyroidism are possibilities that should be considered.

Acute and chronic phases of critical illness have different effects on the thyroid axis \[[@CIT0084]\]. Sick euthyroid syndrome or "nonthyroidal illness syndrome" can manifest in patients with COVID-19, especially during the acute and recovery phase of the illness, which will further complicate their management. This mechanism is complex. During an acute illness, changes in thyroid hormone binding, cellular uptake, and decreased activity of type I deiodinase enzyme leading to decreased T4 to T3 conversion, can occur \[[@CIT0084]\]. Type I deiodinase enzyme activity is reduced as it is influenced by various substances including circulating cortisol, cytokines, endogenous free fatty acids, and various drugs used in management \[[@CIT0084]\]. Increased T3 catabolism in peripheral tissues can occur because of increased activity of type 3 deiodinase \[[@CIT0084]\]. The cumulative effect is low circulating T3 levels \[[@CIT0084]\]. In addition to these changes, down-regulation of the hypothalamo-pituitary axis leads to low circulating TSH and T4 levels during the course of illness \[[@CIT0084]\]. Differentiating this from central hypothyroidism might be difficult in the acute stage and may require reevaluation later. If nonthyroidal illness syndrome is suspected, therapy with thyroxine or liothyronine is not currently recommended because of lack of clinical benefit and safety concerns \[[@CIT0084]\].

Although there is conflicting evidence, 2 independent studies have shown the adverse effects of SARS-CoV-1 on the thyroid in autopsy samples. In 1 study, samples of all 5 patients showed destruction of follicular epithelia and exfoliation of epithelial cells into the follicles. There was also evidence of destruction of parafollicular cells \[[@CIT0085]\]. Another similar study showed deformation, enlargement, and dystrophy of follicular cells as well as a reduced amount of thyroglobulin in follicular epithelial cells in all 4 patients who died of SARS \[[@CIT0086]\]. However, in another autopsy study involving 4 patients who died of SARS-CoV-1, neither viral RNA material nor antigens were seen in the thyroid \[[@CIT0087]\].

A recent report from Italy on a young female who recovered from SARS-CoV-2 describes the first reported case of subacute thyroiditis chronologically related to this viral infection \[[@CIT0088]\]. With the known association of subacute thyroiditis with preceding viral infections, it is possible that the thyroiditis is etiologically related to SARS-CoV-2 infection.

A. Management Considerations of Preexisting Thyroid Conditions {#s11}
--------------------------------------------------------------

If infected with COVID-19, patients with central hypothyroidism and primary hypothyroidism should be advised to continue the same dose or higher doses of thyroxine, depending on the clinical context. Patients on antithyroid drugs would need to exercise extra caution because signs of neutropenia and COVID-19 could mimic each other. Urgent medical care and a full blood count should be arranged for these patients in case of any doubt. For patients on antithyroid drugs, regular consultation with their physician may often be postponed, but medications can be titrated according to thyroid function tests. If blood tests are not available, a thorough clinical assessment and history is recommended. Consultation is advisable in situations such as pregnancy, poor disease control, and patients with adverse effects to medications. Definitive therapy is best postponed until the epidemic is controlled unless used as an emergency measure in a poorly controlled patient. Block-and-replacement therapy is also suggested if monitoring of thyroid function is not feasible for a considerable period \[[@CIT0089]\]. In patients with underlying thyroid disease during an acute illness, thyroid function may not depict the actual thyroid status, highlighting the importance of clinical evaluation, if dose adjustments are required.

There is no clear evidence on the outcome of COVID-19 in patients on immunosuppressants \[[@CIT0090]\]. However, patients who are on glucocorticoids and mycophenolate mofetil for thyroid eye disease should especially adhere to social distancing and infection control measures because of the potential risk of complications.

6. Pancreas {#s12}
===========

ACE2 is expressed in pancreatic cells. An animal study and a postmortem study among SARS fatalities showed ACE2 to be expressed in islets rather than the exocrine pancreas; specifically, in β and δ cells as opposed to α cells \[[@CIT0091], [@CIT0092]\]. In contrast, a population-based study analyzing bulk RNA-sequence data showed that exocrine tissues (predominantly duct cells) express more ACE2 than islet cells \[[@CIT0093]\]. It is not known whether the SARS-CoV infection alters the patterns of pancreatic cell ACE2 expression, dependent on ethnic or other variations. In fact, animal studies have shown diabetes to increase ACE2 expression in pancreatic as well as lung and other tissues \[[@CIT0094]\].

A study during the SARS epidemic demonstrated ACE2 expression in islet cells and a high incidence of hyperglycemia among SARS patients. The authors speculated that SARS-CoV-1 may directly infect islet cells causing their dysfunction, resulting in hyperglycemia or new-onset diabetes \[[@CIT0092]\]. Pancreatic injury (hydropic degeneration, fatty degeneration, and interstitial proliferation) has been shown in some postmortem studies \[[@CIT0095]\] but not in others \[[@CIT0096]\]. Similarly, SARS-CoV-1 viral material was found within pancreatic cells in some \[[@CIT0087]\], but not other postmortem studies \[[@CIT0097]\]. Thus far, no postmortem studies during the COVID-19 pandemic have reported changes in pancreatic tissues. No studies have described differences in insulin level or insulin resistance to establish a direct link between the coronavirus infection and hyperglycemia.

Viral infections are known to cause type 1 diabetes by triggering the production of cross-reactive antibodies as a result of molecular mimicry or by activating cross-reactive T cells \[[@CIT0098]\]. Although this is well-known with enterovirus, influenza virus, cytomegalovirus, rotavirus, and coxsackie virus infections, it has never (as yet) been described with coronavirus infections.

A. Glucose Homeostasis {#s13}
----------------------

During the SARS epidemic, in a cohort of 39 nondiabetic nonglucocorticoid-treated patients, 20 developed new-onset fasting hyperglycemia (\>7 mmol/L), starting from the third day in the hospital and reversing by 2 weeks in the majority, whereas 2 patients continued to have diabetes 3 years later \[[@CIT0092]\]. This was not observed in the control groups with non-SARS pneumonia, and healthy siblings of SARS patients. Postprandial plasma glucose, insulin levels, and insulin resistance were not reported.

Data from the current COVID-19 pandemic are limited. One study among patients with diabetes and COVID-19 reported that preprandial and postprandial glucose levels were above target in 29.4% and 64.5%, respectively, whereas 10% suffered at least 1 hypoglycemic event \[[@CIT0099]\]. Details of their antidiabetic therapies, outcomes, or comparison with a control group were not reported. Anecdotal reports from experts caring for COVID-19 patients note a higher incidence of hyperglycemia, new-onset diabetes, diabetic ketoacidosis, and euglycemic ketoacidosis \[[@CIT0100]\].

Any infection or acute illness would trigger inflammatory and stress responses with increase in cytokines, cortisol, sympathetic activity, and growth hormone. These will induce a state of insulin resistance causing hyperglycemia. To date, robust scientific data remain too scarce to confirm that coronavirus-infected patients develop hyperglycemia at a greater severity or frequency, beyond what is expected in any acute severe illness.

Irrespective of the cause, hyperglycemia predicts a poor prognosis and warrants prompt recognition and correction. Based on the experimental observations, a paracrine loop hypothesis has been suggested to explain this risk. SARS-CoV infects alveolar cells and pancreatic islet cells, causes hyperglycemia resulting from islet cell dysfunction, and this increases glycosylation of ACE2 and viral spike proteins facilitating viral entry in to host cells and thus setting up a vicious cycle \[[@CIT0101]\].

Alpha-cell injury may predispose to hypoglycemia. However, an excess risk of hypoglycemia was not described during the SARS epidemic. One reported event of fatal hypoglycemic coma affected a patient with diabetes; however, the antidiabetic therapies administered were not described \[[@CIT0102]\]. The same author noted an increased incidence of liver injury among patients with diabetes and SARS, which may also contribute to hypoglycemia \[[@CIT0102]\]. To date, no link between alpha-cell function or glucagon levels and coronavirus infections have been described.

B. Pancreatitis {#s14}
---------------

Despite widespread expression of ACE2 in pancreatic tissues, pancreatitis has been uncommon with coronavirus infections. No events of pancreatitis have been described during the SARS-CoV-1 or MERS-CoV epidemics attributable to the viral infection. During the current COVID-19 pandemic, mild pancreatitis (diagnosed on the basis of elevated serum amylase and/or lipase) has been described in patients with severe COVID-19 \[[@CIT0093]\]. It is uncertain whether the mild pancreatic injury was a result of direct viral invasion or the systemic inflammatory response. Nevertheless, it is important to recognize this because pancreatitis itself could worsen ARDS, the major life-threatening sequelae of COVID-19.

C. COVID-19 in People with Diabetes {#s15}
-----------------------------------

Prognostic and management implications of possible pancreatic injury on patients with COVID-19 and on people with preexisting diabetes are reviewed in detail elsewhere \[[@CIT0103]\].

In brief, people with diabetes should ensure a healthy lifestyle, regular glucose monitoring, and adherence to pharmacotherapy during this pandemic. Although diabetes does not increase the risk of infection, it increases the risk for complications and death \[[@CIT0074], [@CIT0106]\]. Obesity, hypertension, and cardiovascular diseases are common comorbidities of diabetes and are all linked with adverse outcomes with COVID-19 \[[@CIT0107], [@CIT0108]\]. Maintaining good glycemic control improves outcomes \[[@CIT0109]\]. Specific therapies for SARS-CoV-2 may have therapeutic implications when used in people with diabetes, thus warranting their cautious use \[[@CIT0103]\].

D. COVID-19 in Patients with Pancreatic Neuroendocrine Tumors {#s16}
-------------------------------------------------------------

Whether patients with these rare disorders are more susceptible to COVID-19 and its complications, or whether COVID-19 could precipitate tumor-related complications (infarct or necrosis) in these patients is unknown. Patients with glucagonoma may be at increased risk of severe COVID-19 because of hyperglycemia and a thrombophilic state \[[@CIT0110]\]. Patients on immunosuppressive therapies will also be vulnerable to COVID-19. Implications for management of these patients during the COVID-19 pandemic are reviewed elsewhere \[[@CIT0111]\].

7. Parathyroid {#s17}
==============

Although there is no evidence that primary hyper- or hypoparathyroidism are risk factors for COVID-19, any infection may impose challenges in the management of these diseases. Patients with chronic renal impairment and parathyroid dysfunction may be at risk for COVID-19 because of the underlying renal disease.

Intracellular calcium signaling is essential for the replication of certain viruses and the cellular outcomes \[[@CIT0112]\]. It is known that the cytoplasmic domain of the 3a protein of SARS-CoV-1 binds calcium in vitro, causing a change in its protein conformation \[[@CIT0113]\]. However, the role of calcium signaling in the context of COVID-19 is yet to be elucidated and needs further research. No data exist on ACE2 expression, viral invasion or inflammation of the parathyroid glands, or alterations in parathyroid hormone or calcium homeostasis during coronavirus infections. Although hypocalcemia has been reported in patients with severe illnesses in the past, no published data are available regarding COVID-19 disease severity and serum calcium levels. Unpublished data suggest a possible association between hypocalcemia and COVID-19 disease severity and prognosis.

A. Management Considerations of Preexisting Hypoparathyroidism {#s18}
--------------------------------------------------------------

The availability of calcium supplements must be ensured for patients with hypoparathyroidism to prevent life-threatening complications of hypocalcemia. Patients with hypoparathyroidism should have access to their endocrine service provider if they develop symptoms of hypocalcemia, and advice regarding management should be given based on the symptoms and signs, pending laboratory confirmation of hypocalcemia. For patients with hyperparathyroidism awaiting surgery, timing of parathyroid surgery must be considered based on the risk profile of the patients and availability of surgical facilities.

Because the treatment of COVID-19 may involve drugs that can cause QT prolongation, such as chloroquine/hydroxychloroquine and azithromycin, care should be taken to optimize calcium levels before starting treatment with these agents \[[@CIT0114]\]. Similarly, hypomagnesemia should be corrected for optimal calcium and vitamin D metabolism and to prevent QT prolongation \[[@CIT0115]\].

8. Vitamin D {#s19}
============

Vitamin D plays an important role in the immune system and reduces the risk of viral infections in many ways. The beneficial role of vitamin D in preventing the common cold is attributed to its effects on physical barrier function and innate and adaptive immunity \[[@CIT0116]\].

Dancer et al. showed that vitamin D deficiency is a common problem in patients with ARDS and leads to inflammation in alveolar epithelial cells. They also showed that repletion of vitamin D before esophagectomy was associated with reduced alveolar damage in in vivo measurements \[[@CIT0117]\]. Ethnic variations in the vitamin D-binding protein relating to differences in the inflammatory profile and disease severity has been demonstrated in tuberculosis patients \[[@CIT0118]\].

Increased serum levels of pro-inflammatory cytokines associated with pulmonary inflammation and lung injury have been reported in studies with SARS-CoV and MERS-CoV-1 \[[@CIT0119], [@CIT0120]\]. Although the exact pathogenesis is yet to be elucidated, increased levels of proinflammatory cytokines (IL1B, IFN-γ, IP10, and MCP1) have been found in patients with COVID-19. Furthermore, the levels of inflammatory cytokines (granulocyte colony stimulating factor, IP10, MCP1, MIP1A, and TNF-α) were found to be associated with disease severity \[[@CIT0036]\]. Vitamin D treatment seems to inhibit the T-helper-1 response and reduces serum levels of pro-inflammatory cytokines TNF-α and IFN-γ \[[@CIT0121]\]. SARS-CoV-2 infection also results in an increase in the levels of cytokines from Th2 cells (e.g., IL-4, IL-10), which suppress inflammation \[[@CIT0036]\]. Vitamin D and 1,25(OH)2D induce the production of Th2 cytokines, which are anti-inflammatory \[[@CIT0122]\]. Therefore, vitamin D may play a role in reducing inflammation in COVID 19 by increasing the anti-inflammatory cytokines and reducing the pro-inflammatory cytokines. In addition, it has been found that the SARS-CoV-2 spike glycoprotein interacts with the human DPP4/CD26, which is important for its virulence \[[@CIT0123]\]. Vitamin D may play a role in modulating the virulence of SARS-CoV-2 as it has been demonstrated that treatment of vitamin D deficiency leads to reduced expression of DPP4/CD26 \[[@CIT0123], [@CIT0124]\].

The RAAS is thought to mediate lung injury in COVID-19; its inhibition is being investigated as a potential treatment \[[@CIT0125]\]. Vitamin D has been found to be a negative endocrine regulator of the RAAS: 1,25 (OH)2D3 down-regulates the RAAS by suppressing renin expression \[[@CIT0126]\].

These mechanisms ([Fig. 2](#F2){ref-type="fig"}) thus suggest that treatment of vitamin D deficiency may be of benefit in the prevention and treatment of COVID-19 infection.

![Postulated mechanisms of vitamin D in prevention of COVID-19 infection. Vitamin D treatment inhibits the T-helper-1 cell (Th1) response, which reduces serum levels of pro-inflammatory cytokines and induces the production of anti-inflammatory Th2 cytokines. Vitamin D treatment downregulates the expression of DPP4/CD26, which may play a role in the virulence of the SARS-CoV-2. SARS-CoV-2 uses angiotensin-converting enzyme-2 (ACE2) for cellular entry. However, upregulation of ACE 2, protects against lipopolysaccharide induced acute lung injury. Vitamin D is found to be a negative endocrine regulator of RAAS. Vitamin D inhibited renin, ACE, and Ang II expression, and induced ACE2 levels. ACE2, converts angiotensin II to angiotensin 1-7. Upon binding AT1R, angiotensin II causes inflammation, fibrosis, and apoptosis. AT-(1-7) opposes the effects of angiotensin II by interacting with its own receptor. Red arrows indicates inhibitory action and green arrows, stimulatory action. ACE1, angiotensin-converting enzyme 1; ACE2, angiotensin-converting enzyme 2; AT1R, type 1 angiotensin 2 receptor; AT1-7, heptapeptide angiotensin (1-7); DPP4/CD26, dipeptidyl peptidase 4/cluster of differentiation 26; Th1, T helper 1 cells; Th2, T helper 2 cells.](bvaa082f0002){#F2}

Very low vitamin D levels are commonly found in ethnic minorities with increased skin melanin in the United Kingdom and the United States \[[@CIT0127]\]. In a provisional analysis of COVID-19-related deaths in England and Wales, even after correcting for age and other sociodemographic characteristics and measures of self-reported health and disability, males and females of black ethnicity showed 1.9 times higher COVID-19-related deaths than those of white ethnicity. Further, males and females in the Bangladeshi and Pakistani ethnic groups were 1.8 and 1.6 times more likely to suffer a COVID-19-related death than males and females from the white ethnic group, respectively. Further research is needed to examine whether vitamin D status contributes to the higher COVID 19 mortality seen in these ethnicities in the United Kingdom \[[@CIT0128]\].

Several assumptions can be made regarding the role of vitamin D deficiency in COVID-19 and disease severity based on the epidemiological and clinical data. Conditions associated with lower vitamin D levels such as chronic illnesses, smoking, and increased age and dark-skinned ethnicities have a higher case fatality with COVID-19. Furthermore, the onset of epidemic and higher case load in countries during the winter season also raises the possible association with low vitamin D status \[[@CIT0129]\]. Nevertheless, these are simply correlations and do not necessarily imply causation, and other factors are clearly involved such as preferential involvement in patient-centered activities and socioeconomic status.

A. Vitamin D Replacement {#s20}
------------------------

Although increased susceptibility to infections has been found with vitamin D deficiency, evidence regarding the benefits of vitamin D supplementation in preventing infections or disease mortality has been inconsistent \[[@CIT0130]\]. A meta-analysis that showed vitamin D supplementation reduced the risk of acute respiratory tract infections demonstrated benefits with daily or weekly vitamin D supplementation, but not with regimens containing large bolus doses. Protective effects were strongest in those with profound vitamin D deficiency at baseline \[[@CIT0131]\].

Different thresholds of vitamin D levels have been recommended in studies for the protection of respiratory tract infections. A vitamin D threshold of \> 50nmol/L (20 ng/mL) is thought to be adequate for the prevention of acute respiratory tract infections \[[@CIT0132]\]. The degree of protection appears to be optimal when the serum vitamin D levels are in the range of 100 to 150 nmol/L (40-60 ng/mL) \[[@CIT0129]\]. A daily dose of 2000 to 5000 IU of vitamin D was required to achieve this level during winter months because cutaneous vitamin D synthesis is minimal during this period \[[@CIT0133]\]. Daily doses of vitamin D up to 10 000 IU/day are generally safe and not associated with any adverse effects \[[@CIT0134]\]. However, the dose requirement may vary with dietary intake, genetics, baseline vitamin D levels, and environmental conditions.

Vitamin D treatment has been recommended on a background of COVID-19 by clinicians \[[@CIT0135]\]. Considering the potential benefits of enhanced immunity, mitigation of the inflammatory response, epidemiological data on protection from severe infection and established safety, it is reasonable to consider vitamin D replacement in patients with demonstrable deficiency. Limited exposure to sunlight, and poor dietary conditions as a result of the lockdown in most countries, are important factors that would increase the need of vitamin D supplementation.

9. Gonads {#s21}
=========

Analysis of the tissue expression pattern of ACE2 in different human tissues has revealed a high level of expression in the human testis \[[@CIT0136], [@CIT0137]\]. According to a recent study, ACE2 is expressed in spermatogonia and somatic (Leydig and Sertoli) cells in the testis. It was shown that TMPRSS2 is concentrated in spermatogonia and spermatids. This is shown to be used for viral S protein priming \[[@CIT0138]\]. This suggests that the testis is a high-risk organ vulnerable to SARS-CoV-2 infection. However, there are no similar studies on ACE2 expression in ovaries.

To date, there are no reports on the viral distribution or pathological effects of virus on human gonads from SARS-CoV-2 infection. A study conducted to define the organ distribution of SARS-CoV-1 in 2003 using autopsy samples of 2 male and 2 female patients who died of SARS in China revealed that virus RNA material or antigens were not present in the testis or ovary \[[@CIT0087]\]. However, an autopsy-based study on 6 males who died of SARS-CoV-1 showed orchitis in all. There was marked germ cell destruction, reduced spermatozoon in the seminiferous tubule, thickened basement membrane, and leukocyte infiltration. In situ hybridization for SARS viral genomic material was negative in the samples. Therefore, the authors suggest possible immune-mediated damage as the cause of destruction rather than direct viral entry and damage \[[@CIT0139]\]. There is no literature on the effect of these viruses on the human ovaries.

The available evidence suggests the vulnerability of the testes to viral entry because the abundance of ACE2 has not been demonstrated during SARS-CoV-1 epidemic. Even in the absence of viral material, immune-mediated orchitis was shown during the previous epidemic, the same consequence is possible in survivors of the current pandemic. Therefore, further studies to assess hypogonadism and spermatogenesis following recovery from acute illness are warranted.

A. Management Considerations of Preexistent Hypogonadism {#s22}
--------------------------------------------------------

For people with hypogonadism, continuing the same regimen of hormone replacement until a visit to the health care provider is advisable. There might be difficulty in accessing medications including testosterone injections. It may be reasonable to postpone replacement in case of lack of availability until nonurgent services resume because there are no major hazards of temporary discontinuation. However, substitution of the alternative dosage forms is an option. If testosterone gel preparation is substituted for injections, the gel can be commenced from the due date of the next testosterone injection \[[@CIT0058]\]. In the case of female hormone replacement, it may be preferable to use transdermal formulations that are less likely to lead to a hypercoagulable state.

10. Conclusions {#s23}
===============

In the absence of literature relating to the effects of SARS-CoV-2 on endocrine organs, we have made speculations based on the evidence from SARS-CoV-1 infection during the years 2002 through 2003. Research on clinical effects during the current pandemic and follow-up of recovered patients is a priority, considering the potential for multitude of effects on endocrine organs. We have highlighted management strategies based on available data in the current pandemic and have also demonstrated the need for multifaceted research. The research needs include collection of carefully prepared clinical data, histological and autopsy studies, as well as basic science studies to understand the effect of SARS-Cov-2 on the endocrine system. Furthermore, studies on viral genomics to fill the gaps in the knowledge on effects of direct viral invasion and immune-mediated injury are needed. Clinicians should be encouraged to report their experience in managing patients with preexisting endocrine diseases to improve current practices, which are mostly empirical.
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